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ABSTRACT 
This paper details a statistical analysis of 
historical failure data, which focuses on 
determining the manner in which local climate 
affects pipe failure rates. 
It was found that seasonality exists in the data, 
indicating an affect of local climate on failure rate. 
Significant variation in failure rates was seen 
between the months of December and May, 
especially in February/March, whilst limited 
variations were seen in other months of the year. 
Further analysis found that failure rates were 
strongly correlated with minimum antecedent 
precipitation index and net evaporation and that 
climate affected failure rate by influencing soil 
moisture content. Interaction affects between 
static attributes of the pipe-environment system 
and local climate were also investigated. 
INTRODUCTION 
The current scarcity of water due to the long 
running drought in many regions of Australia, 
particularly in the south-east (Bureau of 
Meteorology 2008), has brought to attention the 
need to prevent the wastage of this precious 
resource. The failure of water reticulation pipes 
results in the loss of significant amounts of water 
and an improved understanding of the factors 
which cause failure can help to minimise these 
losses. 
Pipe failures occur due to a complex interaction 
of a range of factors including pipe and soil types 
and the local weather conditions. The failure of 
pipes in colder regions has received significant 
interest (Ahmad 1994; Goulter and Kazemi 1988; 
Kleiner and Rajani 2000; Palmer and Williams 
2003; Rajani and Zhan 1996). However little work 
has been done to investigate how annual climate 
cycles affect failure in warmer regions such as 
Australia.  
In order to gain an understanding of how the 
static and dynamic attributes of the pipe-
environment system affect pipe failure an 
exploratory statistical analysis (Gould and 
Kodikara 2008) was undertaken. This paper 
reports the results of this analysis in regards to 
the affect of the Australian climate on pipe failure 
and the interactions seen between local weather 
conditions and the static attributes of the pipe-
environment system. 
An understanding of how the Australian climate 
affects pipe failure can be used to improve 
existing models for describing pipe behaviour and 
assist planning for the mitigation of the results of 
pipe failure. 
Anecdotal evidence 
Prior to undertaking the statistical analysis, 
anecdotal evidence was collected from field 
crews responsible for repairing failed reticulation 
mains. Discussions with field crews both in the 
water and gas industries have revealed that 
failures are expected to peak in hot weather, 
particularity after a series of hot days. 
Circumferential failures were expected to peak 
during summer months, whilst the rate of 
longitudinal failures was expected to remain 
constant throughout the year. It was also stated 
that a significant number of failures are believed 
to result from soil movement. 
DATA 
The asset and failure data used in the exploratory 
statistical analysis was obtained from two 
Australian water authorities. Prior to analysis, the 
data was cleaned to remove unreliable records 
and where appropriate the data were then 
grouped into categories. Grouping was used to 
reduce the number of values for each attribute to 
enable effective analysis. The asset data used in 
the analysis contained 212,891 asset records 
accounting for 12,006 km of pipe length. The 
oldest pipe included in the analysis was installed 
in 1856 and the most recent pipe was installed in 
August 2006. The failure data consisted of 
39,687 failure records over a 10 year observation 
period between the 1st of September 1996 and 
the 31st of August 2006.  
SEASONALITY 
To investigate the intra-year variation of failures 
(seasonality), failure rates were plotted on a 
monthly basis for each year of the observation 
period, Figure 1. This figure shows that failure 
rates do indeed peak in summer, in-line with the 
anecdotal evidence. However, these peaks do 
not necessarily occur in every year and the size 
of these peaks varies strongly between years. 
The maximum inter-yearly variation seen in any 
month was 321% (calculated for February). 
Outside of the summer months failure rates 
remain relatively constant between years. The 
maximum variation seen in a summer month was 
760% of the minimum variation seen for a month 
(calculated for July) outside of summer. 
To understand which attributes of the pipe-
environment system may be the cause of the 
intra-year variation of the failure rate, the 
attributes which vary across the course of a year 
need to be identified. The only identified attribute 
of the pipe-environment system which varies 
across the course of a year is climate, or more 
accurately seasonal weather conditions. The 
problem then becomes determining how weather 
conditions influence pipe failure, as it can be 
described using a large range of parameters. 
It is therefore necessary to investigate these 
parameters to determine which best correlate 
with pipe failure. For this reason the correlation 
between various weather parameters and failure 
rate were investigated. Such a correlation was 
made by Chan et al. (Chan et al. 2007) using a 
time-series plot which indicated a qualitative 
relationship between failure rate and net 
evaporation. This comparison used net 
evaporation data from only a single location to 
represent the dominant weather patterns across 
a large area. 
In order to improve the quality of results and 
allow more spatially distributed assets to be 
included in the analysis, daily weather data was 
obtained for multiple locations across the area of 
study. Whilst it was not possible to determine the 
exact conditions to which each asset was subject, 
the use of multiple locations reduced potential 
error between the actual and assumed 
conditions. The weather data used in this 
investigation also allowed a range of weather 
parameters to be calculated at each of the 
locations, not just net evaporation. The 
investigation of this data is detailed in the 
remainder of the paper. 
WEATHER DATA 
The weather data used in this investigation was 
obtained from the Australian Bureau of 
Meteorology (BOM) for ten Patch Point Data 
(PPD) locations within the boundaries of the two 
water authorities. It was assumed that each asset 
was subject to the weather conditions at the PPD 
location closest to it. The average distance from 
each asset to its nearest PPD location was eight 
kilometres. 
The inclusion of weather data from multiple 
locations prevented the use of time-series plots. 
In addition, to allow comparison of the 
correlations obtained from any plot created, it 
was required that a quantitative measurement of 
the correlation be possible. In order to achieve 
this it was decided to create histograms using the 
following procedure; 
1. Calculate the weather parameter of interest 
for each month for the weather data from 
each PPD location. In this case this required 
1200 parameters to be calculated. 
2. Calculate the total number of failures and 
total length of assets in each month for each 
PPD location. 
3. Group the results for the weather parameter. 
For this analysis the results were separated 
into at least ten categories. 
4. Calculate the monthly failure rate for each 
category of the grouped data. 
5. Plot results and apply a trendline. For this 
analysis an exponential trendline was used 
as previous research found that pipe failures 
could be predicted using a exponential based 
formulae (Jarrett et al. 2002). 
Weather Parameters 
In order to understand how the Australian climate 
affects pipe failure it is first necessary to 
determine which weather parameters best 
correlated with monthly failure rate. To do this 
thirteen climate parameters were compared. The 
parameters chosen are given below; 
 
1. Minimum Temperature 
2. Maximum Temperature 
3. Total Rainfall 
4. Average Rainfall 
5. Total Evaporation 
6. Average Evaporation 
7. Net Evaporation 
8. Total Evapotranspiration 
9. Average Evapotranspiration 
10. Net Evapotranspiration 
11. Maximum Antecedent Precipitation Index 
12. Minimum Antecedent Precipitation Index 
13. Average Antecedent Precipitation Index 
 
These parameters were chosen as they are 
either given directly in the data obtained from the 
BOM or were simple to calculate from this data.  
Calculation of Weather Parameters 
The parameters which are not described in more 
detail below were calculated using standard 
methods. All parameters were calculated from 
daily data as provided by the BOM. 
Average rainfall was calculated as in Equation 1, 
where days with no recorded rainfall were 
ignored. Net evaporation was calculated as in 
Equation 2 and net evapotranspiration was 
calculated as in Equation 3. Antecedent 
precipitation index (API) was first calculated as in 
Equation 3 (from Zhou et al. 2001) before 
monthly values were determined. As API is 
calculated as a time series where daily values are 
affected by the value of the previous day, 
therefore the initial value chosen for calculation 
will affect results for an unknown number of days 
before stabilising. To ensure that the initial value 
chosen did not affect the results, an initial value 
of zero was chosen and API calculated for one 
year prior to the first month of interest. An 
investigation into the time taken for API values to 
stabilise showed that a difference of less than 
0.0001 mm was achieved in less than six months 
when initial values of 0 and 500 were compared. 
COMPARISON OF WEATHER 
PARAMETERS 
Once all thirteen weather parameters had been 
plotted against failure rate, exponential trendlines 
were fitted using the trendline function in MS 
Excel. The correlation coefficient (R2) values of 
each trendline were obtained and used as the 
basis for determining the strength of the 
correlation between each parameter and failure 
rate. A summary of the R2 values calculated for 
each parameter is shown in Table 1. 
From the values of R2 shown in Table 1 it can be 
seen that over 70% of the variance in the failure 
rate can be accounted for by changes in the first 
six weather parameters, and over 75% by 
minimum API (Kutner et al. 2004). The plots 
created for minimum API and net evaporation are 
shown in Figure 2 and Figure 3 respectively. 
Examination of the plots indicates that failure rate 
increases as minimum API decreases and that 
failure rate increases as net evaporation 
increases. Both minimum API and net 
evaporation can be used as analogues for the 
moisture content of soil (Anctil et al. 2004; Chan 
et al. 2007) indicating that local climate may be 
related to pipe failure via its affect on local soil. 
API is positively related to soil moisture content 
indicating that as minimum API decreases, soil 
moisture content decreases, and failure rate 
increases. Net evaporation is negatively related 
to soil moisture content indicating that as net 
evaporation increases, soil moisture content 
decreases, and failure rate increases. Both 
weather parameters indicate that as soil moisture 
content decreases, failure rate increases. For the 
purpose of this paper only the minimum API will 
be discussed further. 
INTERACTION AFFECTS 
To further understand how climate affects pipe 
failure, the possible interactions which exist 
between weather and the static attributes of the 
pipe-environment system were investigated.  
Weather-Material Interaction 
The affect of weather was investigated for the 
four materials with the greatest length; cast iron, 
asbestos cement, PVC-U (Unplasticised 
poly(vinyl chloride)) and ductile cast iron. Figure 4 
shows the failure rate of each material against 
minimum API. The plot shows that cast iron and 
asbestos cement both show similar trends, 
decreasing failure rate as minimum API 
increases, whilst PVC-U and ductile cast iron 
both show no significant change in failure rate. 
The change in trend seen between the materials 
indicates that there is a possible interaction affect 
between weather and material. However it is 
possible that the difference seen in the trends is 
related to the age of the different pipe materials 
and so no interaction affect can be confirmed. 
Weather-Diameter Interaction 
The affect of weather was investigated for the 
three diameter groups with the greatest length in-
service: 50→<100 (pipes with diameters equal to 
50 mm and less than a 100 mm), 100→<150, 
150→<200. The diameter group 200→<250 was 
also included to allow the affect of larger 
diameters to be investigated. Figure 5 shows the 
failure rate of each diameter group against 
minimum API. The three smaller diameter groups 
show the same trend of decreasing failure rate as 
minimum API increases. However, this trend was 
not seen for the largest diameter group whose 
failure rates seem to remain constant. This 
indicates, but cannot be used to confirm, that 
there is an interaction between weather and 
diameter.  
Weather-Soil Type Interaction 
The effect of weather was investigated for four 
soil types based on soil reactivity (shrink/swell 
capacity); very expansive, expansive, slightly 
expansive and stable. Figure 6 shows the failure 
rate of each soil type against minimum API. Very 
expansive soils show the greatest variation due 
to change in minimum API. Significant variation 
can also be seen for expansive soils; whilst 
slightly expansive and stable soils have failure 
rates which seem to remain constant. The 
change in the trends seen for the different soil 
types indicates that there is an interaction affect 
between weather and soil type. 
The interaction affect seen between weather and 
soil type supports the finding that local climate 
affects pipe failure by affecting soil moisture 
content. This also suggests a possible 
mechanism for pipe failure as a result of weather 
conditions. The clear change in failure rates seen 
for very expansive soils as a result of soil 
moisture content (determined from minimum API) 
and the lack of change in failure rates seen for 
stable soils indicates that soil movement is a 
cause of the seasonality seen in pipe failure 
rates. Specifically differential soil movement; as 
consistent soil movement would simply result in 
rigid body movement with no additional applied 
loads. 
Pipe failure as a result of differential soil 
movement will result from a circumferential 
fracture (Rajani et al. 1996). Based on this it 
would be reasonable to assume that rates of 
circumferential fractures would also increase with 
decreasing minimum API and hence decreasing 
soil moisture content. Figure 7 shows the change 
in circumferential and longitudinal fractures 
against minimum API. As expected the rate of 
circumferential fractures can be seen to increase 
as minimum API decreases. It can also be seen 
that the rate of longitudinal fractures remains 
stable with changes in minimum API. This is 
because longitudinal fractures occur as a result of 
radial stress which is primarily the result of 
internal pressure (Rajani et al. 1996), which is not 
affected by changes in the environment external 
to the pipe. 
DISCUSSION 
The anecdotal evidence indicating a seasonal 
affect on failure rate has been confirmed by this 
analysis. It was also shown that the inter-year 
variability in failure rates at the peak time was 
much more pronounced than in other months, 
Figure 1. To investigate the cause this analysis 
considered the role of climate using a range of 
weather parameters. The results showed that the 
two parameters that best accounted for the 
variation, minimum API and net evaporation, 
were both related to soil moisture content. An 
interaction affect was also seen between the 
weather and soil reactivity.  
These results indicate that the seasonal peaks in 
failure rate are most likely to be the result of 
failures occurring in pipes located in reactive soil 
and subject to very dry weather. This again 
confirms the anecdotal evidence that a significant 
number of failures are the result of soil 
movement. 
The failure of pipes is the result of a complex 
process, and so when attempting to model this 
process knowledge of which parameters to 
include is invaluable. This work has shown that 
the impact of climatic affects can be taken into 
account using minimum API and net evaporation. 
These climatic variables were thus incorporated 
into an event based model of pipe failure by 
Boulaire et al. (Boulaire et al. 2009).  
More broadly, from an operational perspective 
the results presented in this paper imply that 
companies that manage pipe assets located in 
reactive soils will see failure rates peak during 
summer and that this is beyond their control, 
other than through replacement of vulnerable 
pipes. It does, however imply that companies will 
require more operational capacity to respond to 
failures during these periods. In addition, 
understanding the drivers behind failures can be 
used to counter the public relations impact of any 
such peaks and also used in the justification of 
higher replacement budgets, especially given the 
advent of climate change and its likely impact on 
reactive soils, and the public perception of water 
losses due to pipe failure in a time of drought. 
Other approaches to mitigation and management 
of these issues are being investigated under a 
broader research project. 
Future work 
The weather parameters used in this 
investigation were isolated from the conditions 
seen in previous months. For this reason the 
affect of multiple months with similar conditions 
could not be evaluated. The inclusion of the 
weather conditions in months prior to the month 
of interest may be significant. In addition the 
affect of the degree of change in a weather 
parameter with time has not be accounted for in 
this analysis. 
In addition the investigation did not allow for the 
possibility of threshold values. It may be possible 
that beyond a certain value that failure rate may 
be seen to increase or decrease dramatically. 
CONCLUSION 
The analysis discussed in this paper focuses on 
determining how local climate affects the failure 
of buried water reticulation pipes. It was found 
that failure rate varies significantly over the 
course of a normal year, with failure rates being 
at a minimum during late winter and spring. 
Comparison of monthly failure rates between 
years found that failure rates at this time were 
reasonable consistent whilst failure rates, in 
summer months vary widely between years. 
To determine the cause of these variations the 
correlation between failure rate and thirteen 
different weather parameters was determined. It 
was found that net evaporation and minimum 
antecedent precipitation index showed the best 
correlations with failure rate. These weather 
parameters can both be used as analogues of 
soil moisture content and both indicated that 
failure rate increased with a decrease in soil 
moisture content. 
Investigation into interactions between static 
attributes of the pipe-environment system and 
local climate could not confirm an interaction with 
either pipe material or pipe diameter. However, 
strong interaction affects between weather and 
soil type. 
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FIGURES AND TABLES 
Table 1 – Summary of correlation of failure rates with weather parameters  
Weather Parameter Correlation Coefficient (R2) Ranking  
Weather 
Parameter 
Correlation 
Coefficient (R2) Ranking 
Minimum API 0.779 1  Average Evaporation 0.545 8 
Net Evaporation 0.741 2  Total Evapotranspiration 0.464 9 
Minimum 
Temperature 0.730 3  Average Rainfall 0.143 10 
Total Evaporation 0.726 4  Total Rainfall 0.139 11 
Average 
Evapotranspiration 0.723 5  Average API 0.052 12 
Net 
Evapotranspiration 0.716 6  Maximum API 0.004 13 
Maximum 
Temperature 0.581 7     
 EQUATIONS 
 
Rain of Days
Rainfall TotalRainfall Average =
        (1) 
 
Net Evaporation = Total Potential Evaporation – Total Rainfall   (2) 
 
Net Evapotranspiration = Total Potential Evapotranspiration – Total Rainfall (3) 
 
1nnn API85.0API −×+= Rainfall
        (4) 
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Figure 1 – Intra-year failure rate variation 
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Figure 2 – Failure Rate change with Minimum API 
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Figure 3 – Failure Rate change with Net Evaporation 
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 Figure 4 – Weather-Material failure rate interaction affect – Minimum API 
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Figure 5 – Weather -Diameter failure rate interaction affect – Minimum API 
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Figure 6 – Weather -Soil Type failure rate interaction affect – Minimum API 
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Figure 7 – Weather -Failure Type failure rate interaction affect – Minimum API 
